We explore the low temperature transport through a resonant acceptor impurity located near a metalsemiconductor interface and observe a large shift ͑12 meV͒ and splitting ͑0.8 meV͒ of its ground state. The shift is attributed to the quadratic Stark effect resulting from the electric field of the electrostatic barrier. The splitting is too large to be attributed to a linear Stark splitting. We calculate the strain field due to a nearby point defect and show that it can cause a large ground state splitting.
I. INTRODUCTION
The electronic spectra of shallow donors and acceptors in silicon have been investigated extensively in samples containing many impurities. 1 The majority of this research was conducted over 30 years ago and was important for realizing semiconductor devices, most notably transistors, where charges on impurities are used to modulate current transport. Transistors made small enough can be greatly influenced by the inhomogeneous nature of doping 2-4 and thus understanding variations in the spectra of single impurities is of great interest. While investigations of randomly positioned single dopants have a long history, [5] [6] [7] [8] recent research has demonstrated unprecedented transport spectroscopy of single impurities. 4, 9 In this paper, we draw on results from bulk experiments 10 to understand the spectra of single acceptor impurities in silicon. These results are interesting for those working on ultrasmall transistors and the realization of qubits based on single dopants, [11] [12] [13] [14] [15] [16] where the environmental influence of nearby metallic contacts can strongly affect spin and charge relaxation and decoherence. 17 An ongoing subject in spectroscopy of bulk samples is understanding the linewidths and line shapes of the spectra. 10 This topic has been particularly important for shallow acceptors such as boron, where electron paramagnetic resonance was initially unsuccessful. 18 Such dopants are fourfold degenerate and the presence of random strains or electric fields can result in a distribution of doublet splittings that can broaden the EPR transitions rendering them unobservable. Feher et al. were able to overcome this by applying a sufficiently large external strain. 19 Later, Neubrand showed that high quality dislocation-free silicon permitted observation of the A 0 ground state of a shallow boron acceptor without external applied strain. 20 This research, however, also reported a sample-independent distribution of "intrinsic" A 0 splittings 21 that were subsequently the subject of much research and have been attributed to ͑1͒ a large concentration of interstitial silicon point defects, 21 ͑2͒ a lowering of the A 0 symmetry by a dynamic Jahn-Teller effect, 22, 23 and ͑3͒ most recently quite convincingly isotopic effects. 24, 25 Here, we consider single confined acceptors located in the metal/semiconductor contact or Schottky barrier of a Schottky barrier metal-oxide-semiconductor field effect transistor ͑SBMOSFET͒, depicted in the insets of Fig. 1 . The splitting seen here ͑0.8 meV͒ is much larger than the intrinsic splitting observed in bulk samples ͑0.01 meV͒, and is most likely a result of our device geometry. We use the models developed to describe strain due to interstitial point defects to understand our experiment.
II. EXPERIMENTAL METHODS
The SBMOSFET is different from a conventional MOSFET in that the source and drain consist of the metallic alloy PtSi instead of the traditional p-n junctions. While SBMOSFETs are candidates for nanoscale Si devices, 26 they also provide a convenient tool to investigate the energy spectrum of dopants. 9 Specifically, at low temperatures and small source-drain voltages, electron transport is governed by direct tunneling through the Schottky barriers ͑SBs͒. 27 If a randomly situated impurity is located near the metal/ semiconductor interface, its transport will be superimposed on the direct tunneling current and easily observable in the transport, as shown in Fig. 1͑a͒ . Even though impurities near the SB are at approximately the same value in energy relative to the valence band ͑Ry * ͒, their absolute position in energy varies with their distance from the metallic contact ͑x axis͒ and their position relative to the MOS surface ͑z axis͒. For a sufficiently dilute doping concentration and small device geometry, we find individual resonances that are well separated in V g .
The structure utilized in these investigations is a device consisting of an n-type polysilicon gate, a boron doped substrate ͑n =5ϫ 10 21 m −3 ͒, and a 34 Å gate oxide. 27, 28 The source and drain were made from depositing 300 Å of Pt and annealing to form the metallic alloy PtSi. The number of observed resonances scaled with the physical device width; thus, choosing a sufficiently dilute impurity system ensures that individual impurities are well separated for spectroscopy. We have observed typically ϳ6 -7 resonances for 20 m width devices, ϳ3 for 10 m widths, and 1 or 2 for 5 m widths. Here, we consider a 20 m width device. Throughout this paper, we assume that the effects of the electric and magnetic fields are a small perturbation on the properties of the impurity.
I͑V g ͒ measurements were taken in He-4 cryostat at 1.5 and at 4 K in the insert of a 9 T magnet. The direction of transport was in ͓110͔ and the magnetic field was applied perpendicular to the two-dimensional hole gas in the ͓001͔ direction. This is the same device as in Ref. 9 , but we investigate a different impurity, located at a different V g .
III. STARK EFFECT
The ground state splitting 2⌬ = 0.8 meV at 1.5 K is shown in Fig. 1͑b͒ . The impurity is subject to an electric field due to the built-in potential of the Schottky barrier and can potentially exhibit a Stark effect. The SB exerts an electric field E along the transport direction; thus, the ground state can experience both a linear splitting and a quadratic shift: ⌬ = ±⌬ E + ⌬ E 2, where ⌬ E is the linear splitting and ⌬ E 2 = a 8 E 2 is the quadratic shift associated with the quadratic dipole moment a 8 of the ⌫ 8 level. 29, 30 The linear effect is too small to be observed at this temperature 9,31 and we concentrate on the quadratic term.
The total potential of the Schottky barrier and hydrogenic impurity can be modeled using a standard metalsemiconductor contact and hydrogenic potential, as shown in the inset of Fig. 2͑a͒ . We consider the energy of the resonant impurity, situated at x = a, the distance of the impurity from the metal/semiconductor interface:
The first three components of this equation are the standard metal-semiconductor depletion approximation with image charge where n s is the effective carrier concentration at a distance z from the oxide surface and ib = 0.225 eV is the intrinsic Schottky barrier height. Ry * = 0.045 eV is the effective Rydberg for a boron impurity in silicon. The last two terms represent the position of the resonance level relative to the valence band. To determine ⌬ E 2 one must first determine n s and a. Following the method reported previously, 9 we determine a range of possible n s corresponding to a unique a. The resulting fitting parameters used to determine this range are given in Table I and the values of n s are shown in Fig.  2͑a͒ . Using the expression for V͑a͒, we find ⌬ E 2 ϳ 12± 0.01 meV for this impurity, which is similar to that found in the impurity considered in previous work, 9 ⌬ E 2 ϳ 12± 0.008 meV. Note that this shift represents an energetic position that is deeper in the silicon band gap.
It is striking that the quadratic Stark shift is so similar in these two impurities when their resonant energy levels differ by 22.5 meV. This is a strong indication that the electric field felt by each impurity is very similar. It may be that the transmission coefficients of the impurities in the Schottky barrier limit the observation of single impurities to a small region along the x and z axes. The values for a 8 are reported in Fig.  2͑b͒ . As shown in the inset of Fig. 2͑b͒ , these shifts are 2 orders of magnitude larger than the linear Stark effect ͑ϳ0.1 meV͒ and an order of magnitude larger than the ground state splitting observed here ͑ϳ0.8 meV͒. There is one report of the quadratic dipole moments for boron in the literature. 32 This early work assumed that the ground state shift was negligible compared with the excited shifts. Our results indicate that the ground state shift can be large, as our range of a 8 is comparable to their reported values for the excited state quadratic dipole moments. 
IV. MAGNETIC FIELD
In an applied magnetic field, there are two additional contributions to the Hamiltonian: a diamagnetic term given by e 2 B 2 r 2 /8m * and a Zeeman splitting. The diamagnetic effect is observed when the magnetic field significantly alters the overlap between the impurity and the electrodes: 6 e 2 B 2 r 2 /8m * Ϸ e 2 /4 s r, where r is the overlap distance. As field is increased, the wave function is compressed and thus in addition to the diamagnetic shift cited above, a significant change in the leak rates occurs. In the presence of asymmetric barriers as here, the smallest leak rate will be suppressed more rapidly than the larger one, resulting in a sharp attenuation of the peak height with field.
The Zeeman effect completely lifts the fourfold degeneracy of acceptor impurities and is thus a sensitive probe of the spectra. Acceptors in silicon have been studied both theoretically 29 and for B 0 in silicon experimentally. 33 With the magnetic field applied in ͓001͔, the Zeeman splittings in the absence of quadratic effects are described by ⌬E z = E m j − E 0 = g ͉m j ͉ B m j B, where m j = +3/2, +1/2, −1/2, and −3/2. We note that to first order the Zeeman splittings are independent of strain. 19 Reported values of g range from 0.9 to 1.2 ͑Ref. 31͒. In previous research, the small ground state splitting due to the linear Stark effect was of the same order as the Zeeman energy. In this work, the ground state splitting is larger.
In Fig. 3͑a͒ , we show the magnetic field dependence of the split ground state of the device. With increasing field the positive peak is displaced to lower energy, while the negative peak becomes broader and increases in height. These two effects can be attributed to a Zeeman splitting and thus dominate any signatures of the diamagnetic term. The peak position versus magnetic field is shown in Fig. 3͑b͒ , where we have plotted the full width at half maximum ⌫ as error bars. We note that at 5 T, ⌫Ͼ2⌬ and the significant mixing of the levels means that m j is not a good quantum number. We thus fit between 2 and 5 T. For the m j = −1 / 2 level, we find g 1/2 = 0.97± 0.06. Similarly, the change in the broadening of the lower level is attributed to the incomplete Zeeman splitting of the m j = ±3/2 levels and a linear fit reveals g 3/2 = 1.26± 0.08. These values are consistent with boron impurities in bulk silicon 33 and with our previous results. We note that the difference in g factors cannot be due to a Jahn-Teller effect 22 because one expects to observe an increase of the g factor when the orbital ground state is nondegenerate. In this paper, the Zeeman splitting is a perturbation on the ground state splitting ͑g 1/2 = 0.97͒, whereas in previous work, the ground state orbital splitting was smaller than the Zeeman splitting ͑g 1/2 = 1.14͒. The cause of the difference in the g factor observed in the two impurities is unclear. It may be a result of the anisotropy of the bands near the metal/ semiconductor interface.
The combination of similar quadratic stark shifts and Zeeman splittings provides strong evidence that the impurity investigated here and that in previous work 9 are most likely the same species, despite the large difference in the ground state splitting. Fig. 2͑a͒ . V gres 0 and ⌬ are obtained directly from the data and the leak rates from the fit to the Landauer equation ͑Ref. 9͒. Table I WKB approximation ͑Ref. 9͒. The inset shows the total potential of an impurity located at 14 nm from the metal with n s =3ϫ 10 22 m −3 . ͑b͒ The quadratic dipole moment a 8 for the impurity in the main text ͑solid line͒ and that from Ref. 9 ͑dotted line͒ vs electric field. The inset shows the relative values of Ry * , ⌬ E 2, and ⌬ . Note that ⌬ E is too small to be put in this schematic.
V. MODEL: GROUND STATE SPLITTING DUE TO STRAIN FROM A SI SELF-INTERSTITIAL
Variations in the ground state splitting have been observed in impurity peaks in all of the five devices measured and are reminiscent of investigations of impurities in bulk semiconductors where inhomogeneously broadened resonant lines have been attributed to, among other effects, [22] [23] [24] [25] the presence of random strains or electric fields in the samples. 10, [18] [19] [20] [21] Theoretical research shows that strain can add an additional splitting to that of an electric field. 29 Here, we consider the possibility that the observed large ground state splitting is the result of a nearby strain field. There are two possible origins: ͑1͒ strain due to the PtSi/ Si interface and ͑2͒ local fields due to a nearby point defect.
Our measurements eliminate the first scenario. Previous work that investigated strain in bulk samples observed that the g factor is anisotropic with respect to the angle between the stress axis and the magnetic field: g 2 = g Ќ 2 cos 2 + g ʈ 2 sin 2 , where g Ќ Ϸ 2g ʈ Ϸ 2g 1/2 =2g 3/2 . 19 Strain from the PtSi/ Pt interface is perpendicular to the applied magnetic field and would thus result in much larger g factors.
We consider the possibility of a nearby point defect. Symmetry arguments and previous experimental research show that the ground state of boron under tensile stress should split into an upper level with m j = ±3/2 and a lower level with m j = ±1/2. Since we have exactly the opposite situation and because the magnetic field dependence indicates strain that is approximately parallel to its direction, we argue that the most likely point defect would be a selfinterstitial located in the ͓001͔ direction. Self-interstitials are highly probable in this device because ͑1͒ the formation of PtSi injects silicon interstitials into the silicon bulk 34 and ͑2͒ diffusion of boron takes place via a B-Si self-interstitial complex. 35 Building on previous research developed to describe the inhomogeneous broadening of the ESR spectrum of bulk impurities, 10, 21 we model the effect of a neighboring selfinterstitial located close to the boron impurity. A point defect at a distance r from the impurity in an isotropic continuum produces a displacement vector at the boron impurity of the form u͑r͒ =−A͑r / r 3 ͒, where A Ϸ 0.8 Å 3 ͑Ref. 21͒ is the "elastic strength" of the point defect. The components of the strain tensor are given by ij = 1 2 ͑‫ץ‬u i / ‫ץ‬x j + ‫ץ‬u j / ‫ץ‬x i ͒. The splitting of an impurity level due to strain 2⌬ is The substitutional boron impurity, small black dot, is placed at the bottom left corner and the silicon interstitial responsible for the strain, large gray dot, is located at 7 / 2a lat .
where b and d are the constants of the deformation potential for boron. We use the values of b = −1.9 eV and d = −4.84 eV from experiments on bulk samples 36 and calculate the strain splitting for an interstitial located in the ͓001͔ direction. We find that an interstitial located at r = 7 2 a lat ẑ, where a lat = 5.4 Å, as depicted in Fig. 4 , results in 2⌬ = 0.9 meV. The isotropic continuum approximation is not quite correct in silicon and overestimates the effect of the strain field. Following the approximations for an anisotropic continuum used in the work of Neubrand ͑Ref. 21͒, we find that an impurity located at r = 5 2 a lat ẑ will result in a splitting of 2⌬ = 0.86 meV.
VI. CONCLUDING REMARKS
Quantum computing proposals based on single dopants may be susceptible to the large variations in the ground state energies observed in this work. The electric and magnetic fields 14, 15 used to manipulate these states may not be sufficient to overcome such phenomena. Proposals based on phosphorus donor atoms as qubits 11, 12, 16 may be equally affected by nearby point defects because they are subject to similar diffusion mechanisms. 35 The effects of external strain due to P-self-interstitial complexes have been investigated in bulk samples and can reduce the valley-orbit splitting by 33%, resulting in a 15% reduction of the hyperfine splitting. 37 In summary, we have demonstrated a large quadratic shift of a single acceptor impurity due to the built-in potential of a Schottky barrier and a large ground state splitting that is consistent with a strain field resulting from a nearby selfinterstitial. Although the presence of the PtSi Schottky barrier enhances the likelihood of point defects in our experiment, this research shows that the local environment can have a strong influence on the energy spectrum of an acceptor. These results suggest that single impurities used for quantum computing architectures may need to be situated in a relatively point-defect-free lattice. An astute choice of the gate dielectric could control such effects because surface reactions can selectively perturb the equilibrium point defect concentration.
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